Introduction {#S001}
============

Androgen receptors (ARs) play essential roles in the development and progression of prostate cancer. In prostate cancer cells, ARs modulate the expression of proteins regulating the cell cycle, survival, and growth. AR activity appears to be closely regulated by histone acetylation in prostate cancer (He et al. [@CIT0010]). Co-activators such as KAT5 (lysine acetyltransferase 5) and co-repressors such as the HDAC family bind the AR complex to facilitate or prevent the transcription of AR target genes via their respective histone acetyl transferase (HAT) or histone deacetylase (HDAC) activities (Fu et al. [@CIT0005]; Korkmaz et al. [@CIT0012]; Dai et al. [@CIT0003]). Moreover, altered AR histone modification profiles have been reported in prostate cancer (Seligson et al. [@CIT0016]).

KAT5 (lysine acetyltransferase 5) was originally identified as TIP60 (HIV-1 Tat Interactive Protein, 60 kDa) by Kamine et al. (Kamine et al. [@CIT0011]). Through large-scale RNAi screening it was discovered that KAT5 was involved in an important part of the process of p53-dependent cell growth arrest (Berns et al. [@CIT0001]). Recently, Gregoire et al., reported that KAT5 is a regulator of the mesenchymal-to-epithelial transition linked to the mesenchymal phenotype of MDA-MB-231 breast cancer cells (Gregoire et al. [@CIT0007]). Moreover, KAT5 expression was significantly increased in clinical prostate cancer tissues and castration-resistant prostate cancer cells, with its expression level closely related to disease progression (Halkidou et al. [@CIT0009]). KAT5 is an emerging candidate therapeutic target in cancer, with several inhibitors having been developed recently (Furdas et al. [@CIT0006]; Farria et al. [@CIT0004]); however, the functional role of KAT5 in prostate cancer has not yet been fully elucidated.

In this study, we found that KAT5 expression was significantly reduced in prostate cancer tissues and cell lines. Moreover, low levels of endogenous KAT5 in the prostate cancer cell line were closely related with the low expression of apoptosis-related proteins in the same cell line. Furthermore, ectopic KAT5 expression significantly induced the apoptotic cell death of prostate cancer cells. Here, we showed that KAT5 negatively regulates the growth of prostate cancer cells, suggesting that KAT5 could be a therapeutic candidate for prostate cancer therapy.

Materials and methods {#S002}
=====================

Cell culture and transfection {#S002-S2001}
-----------------------------

The human prostate cancer cell line LNCaP was obtained from Korea Cell Line Bank (Seoul, Korea). LNCaP cells were grown in RPMI 1640 (Welgene, Seoul, Korea) supplemented with 10% fetal bovine serum (FBS; Welgene, Seoul, Korea), 1% penicillin--streptomycin (Welgene, Seoul, Korea) at 37°C in a humidified, 5% CO~2~ atmosphere. Cells were transfected with different plasmid DNA constructs using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.

Western blotting {#S002-S2002}
----------------

The collected cells were lysed with a buffer containing 1% Triton X-100, 150 mM NaCl, 50 mM Tris-HCl (pH 7.5), 0.1% sodium dodecyl sulfate (SDS), 1% Nonidet P-40, and 1 mM PMSF by vortexing. The cell suspensions were incubated on the ice for 3 min and centrifuged at 13,000 rpm at 4°C for 10 min. The protein samples were electrophoresed on a 10% SDS-PAGE and transferred to a nitrocellulose membrane (Protran™; Whatman, Maidstone, UK). After incubation with 5% skim milk in TBST (20 mM Tris--HCl (pH 7.6), 137 mM NaCl and 0.1% Tween-20) for 1 h, the membrane was washed 3 times with TBST and incubated with antibodies against PARP-1 (1:1000, sc-56197, Santa Cruz), Caspase 3 (1:1000, \#9662, Cell Signaling), Bax (1:500, \#2772, Cell Signaling), Cytochrome C (1:1000, sc-13156, Santa Cruz), Bcl-w (1:500, sc-11422, Santa Cruz), Bcl-2 (1:500, sc-7382, Santa Cruz), p21 (1:1000, sc-6246, Santa Cruz), β-actin (1:1000, sc-47778, Santa Cruz), KAT5 (1:1000, sc-5725, Santa Cruz) at room temperature. Membranes were washed three times for 10 min with TBST and incubated with a 1:5000 dilution of horseradish peroxidase-conjugated anti-mouse or anti-rabbit antibodies for 1 h. Blots were washed with TBST three times and developed with the Western blotting luminol reagent (sc-2048, Santa Cruz) according to the manufacturer's protocols.

RNA preparation and RT-qPCR {#S002-S2003}
---------------------------

Total RNA was isolated using TRIzol reagent (Invitrogen) according to the manufacture's specifications. Contaminated genomic DNA was removed from 5 μg of total RNA by incubation with 10 units of RNase-free DNase I (New England Biolabs) and 2 units of RNase inhibitor (New England Biolabs) in DEPC-treated water. The reaction mixture was incubated for 1 h at 37°C and then for 10 min at 60°C. A quantitative RT--PCR (qRT-PCR) method was used to measure gene expression in cells. Oligo-dT (TAKARA, Seoul, Korea) was used as the primer in the first step of cDNA synthesis. Total RNA (1 μg) was combined with 1 μl of oligo dT, and H~2~O and then preheated at 70°C for 5 min to denature the secondary structures. The mixture was then cooled rapidly to 4°C, after which 2 μl of 10X reverse-transcriptase buffer, 10 mM DTT, and 200 units of reverse transcriptase (TAKARA, Seoul, Korea) was added to give a total volume of 20 μl. The reverse-transcriptase mix was incubated at 40°C for 1 h, after which it was stopped by heating at 94°C for 30 sec. The cDNA stock was stored at −20°C. The specificity of each of the amplified products was confirmed by melting curve analysis. For Real-Time PCR, the iQ SYBR Green PCR Supermix (Bio-Rad) and the CFX96 Real-time PCR detection system (Bio-Rad) were used to detect the Real-time quantitative PCR products of reverse-transcribed cDNA samples according to the manufacturer's instructions.

Cell viability assay {#S002-S2004}
--------------------

LNCaP cells were seeded at a density of 5 × 10^4^ cells per well in six well plates in RPMI 1640 with 1% FBS and transfected with indicated expression vectors using Lipofectamine. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) was dissolved at 5 mg/ml in PBS solution. Two days after transfection, 400 μl of MTT solution was directly added to the medium and the cells were incubated for an additional 4 h. After removal of the medium, 4 ml of 0.04 N hydrochloric acid in isopropanol was added to each well and the optical density of the destained solution was measured on a Multiscan Go microplate reader (Waltham, MA) at a wavelength of 570 nm.

Cell cycle analysis {#S002-S2005}
-------------------

LNCaP cells were trypsinized, and the resulting cell suspensions were centrifuged at 3000 rpm for 3 min. The cells were fixed for 1 h in 70% ethanol at 4°C and centrifuged at 3000 rpm for 3 min, and the pellets were washed with ice-cold PBS. Cell pellets were then resuspended in 0.1 ml of PBS containing 100 μg/ml RNase A for 1 h at 37°C. After that, 50 μg/ml of propidium iodide (Sigma-Aldrich) was added and then incubated for 15 min at RT in a dark. PI-stained cells were analyzed by BD Accuri™ C6 Plus (BD FACS, San Jose, CA). At least 10,000 cells were used for each analysis, and the results were displayed as histograms. The percentage of cell distribution in Sub-G1, G0/G1, S and G2/M phase were measured, and the results were analyzed by the BD Accuri™ C6 Plus software for cell cycle profile.

Annexin V and propidium iodide (PI) staining for apoptosis assay {#S002-S2006}
----------------------------------------------------------------

To assess the apoptosis, the cells were harvested and centrifuged at 3000 rpm for 3 min. cell proportions were detected using FITC Annexin V Apoptosis Detection Kit I (BD pharmingen, La Jolla, CA) according to the manufacturer's instructions. The cell pellets were washed with 1X PBS and resuspended in 100 μl of Annexin V binding buffer. Cells were labeled with 5 μl of Annexin V-Alexa Fluor 488 and/or PI. After 15 min incubation in a dark, 400 μl of Annexin V binding buffer was added to wash the Annexin/PI stained cells. A minimum of 10,000 cells per sample was analyzed using BD Accuri™ C6 Plus (BD FACS, San Jose, CA).

Cell proliferation assay {#S002-S2007}
------------------------

For the assay of colony forming efficiency in soft agar, transfected LNCaP cells were counted using a hemocytometer. 5 × 10^3^ cells in 1 ml growth medium containing 0.35% Noble agar (DIFCO Laboratories, Detroit, MI, USA) and G418 (800 μg/ml) were incubated in a 60 mm culture dish overlaid on 1.5 ml of 0.5% base agar medium. Cells were incubated at 37°C in a moist atmosphere of 95% air and 5% CO~2~ and 4 weeks later the number of colonies was counted after 0.005% crystal violet staining.

Statistical analysis {#S002-S2008}
--------------------

Statistical analysis of variances between two different experimental groups was performed with Tukey's *post hoc* comparison test using SPSS (Version 11.5). All experiments were repeated at least three times. The levels are considered significant at a *P* value of \< 0.05 (\*) very significant at a *P* value of \< 0.01(\*\*), definitely significant for at a *P* value of \< 0.001(\*\*\*), or not significant (n.s.).

Results {#S003}
=======

Low KAT5 expression in prostate cancer tissues and cell line {#S003-S2001}
------------------------------------------------------------

Androgen receptor (AR) co-regulators modify AR gene transactivation and prostate cell survival via acetylation, phosphorylation, ubiquitination, and sumoylation (van der Steen et al. [@CIT0018]). The ubiquitously expressed acetyltransferase, KAT5, is expected to play an essential role in prostate cancer. In order to determine the possible role of KAT5 in prostate cancer, we investigated KAT5 expression levels in prostate cancer patients compared to corresponding normal individuals using the Oncomine database (normal; n = 8, prostate cancer patients; n = 32). As shown in [Figure 1](#F0001){ref-type="fig"}(A), the KAT5 expression profile was significantly lower in prostate cancer patients than in the normal group. The Human Protein Atlas database also showed that KAT5 protein expression was significantly lower in prostate cancer tissues than in normal tissues ([Figure 1](#F0001){ref-type="fig"}(B)). Moreover, the reduced KAT5 expression correlated with low survival rate in prostate cancer patients ([Figure 1](#F0001){ref-type="fig"}(C)). Next, we compared the mRNA and protein levels of KAT5 in various prostate cancer cell lines and in a normal human prostate epithelial cell line, RWPE-1. KAT5 expression was markedly lower in the human prostate cancer cell lines LNCaP and PC-3 than in the RWPE-1 cells. Interestingly, low KAT5 expression in the prostate cancer cell line (LNCaP) was closely related with low expression levels of Bax, an apoptotic marker; however, Bax protein expression levels were not affected in other prostate cell lines (PC-3 and DU-145; data not shown). Figure 1.KAT5 expression was downregulated in human prostate cancer cells. (A) The gene expression data set from the Oncomine database showed that KAT5 genes were under-expressed in prostate cancer tissues (adenocarcinoma) compared with normal prostate tissues. (B) KAT5 protein expression levels in prostate cancer tissues (adenocarcinoma) and normal tissues were visualized by immunohistochemistry using anti-KAT5 antibodies. Data obtained from The Human Protein Atlas. Bar indicates 100 μm. (C) Kaplan-Meier survival curves were plotted using KAT5 gene expression levels. Data obtained from Kaplan-Meier Plotter. (D) KAT5 mRNA and protein expression were detected by RT-PCR and Western blotting in the normal cells or various cancer cells. Results represent the mean ± SEM of three biological experiments performed in triplicate. Statistical significance was determined by Student's t-tests (\*\*\*, *p* \< 0.001, \*\*, *p* \< 0.01). (E) Bax mRNA expression detected by RT-PCR in the normal or various cancer cells. (F) Bax protein levels in the normal or prostate cancer cells (adenocarcinoma). KAT5 and Bax mRNA or protein levels were normalized using β-actin.

Ectopic KAT5 expression reduces prostate cancer cell proliferation {#S003-S2002}
------------------------------------------------------------------

To investigate the effect of KAT5 expression on prostate cancer cell proliferation, plasmids containing the full length KAT5 gene were transfected into the human prostate cancer cell line, LNCaP. KAT5 overexpression reduced the cellular proliferation rate compared to the vehicle-transfected control group. Colony forming ability was severely reduced in the KAT5-overexpressing cells ([Figure 2](#F0002){ref-type="fig"}(A and B)), with the number of colonies significantly reduced by KAT5 overexpression in LNCaP cells. However, the cell cycle was not affected by KAT5 overexpression ([Figure 2](#F0002){ref-type="fig"}(C)). Figure 2.KAT5 overexpression reduced LNCaP cell proliferation. (A) Cell proliferation was examined by an MTT assay following KAT5 overexpression. (B) LNCaP cells transfected with KAT5 were plated on 0.35% agar in 6-well culture plates and the rate of colony formation was analyzed 4 weeks after incubation. Results represent the mean ± SEM of three biological experiments performed in triplicate. Statistical significance was determined by Student's t-tests (\*\*\*, *p* \< 0.001, \*\*, *p* \< 0.01). (C) Flow cytometry using propidium iodide (PI) staining was performed to analyze the cell cycle in KAT5-transfected cells. The red arrow indicates the cell population (M5) with a higher chromatin content than normal transfected cells was performed. The red arrow indicates cell population (M5) with higher contents of chromatin than normal cells.

KAT5 induces the apoptotic death of prostate cancer cells {#S003-S2003}
---------------------------------------------------------

Since the reduced growth of prostate cancer cells was not due to changes in the cell cycle, we examined apoptotic cell death in LNCaP cells following KAT5 overexpression. Staining LNCaP cells with PI and Annexin-V revealed that both early and late apoptotic populations were significantly enhanced by KAT5 overexpression ([Figure 3](#F0003){ref-type="fig"}(A)). Moreover, the levels of apoptotic proteins such as cleaved caspase-3, cleaved PARP, and cytosolic cytochrome C increased by approximately 4.3-, 2.7-, and 1.6-fold following ectopic KAT5 expression in LNCaP cells. However, the levels of pro-survival family members (Bcl2, Bcl-w) was not affected by KAT5 overexpression ([Figure 3](#F0003){ref-type="fig"}(B)). Figure 3.KAT5 increased apoptotic LNCaP cell death. (A) Forty-eight hours after transfection with the indicated plasmid, cells were subjected to propidium iodide (PI) or PI/Annexin-V double staining and FACS analysis was performed. (B) After cells were transfected with plasmids encoding FLAG or FALG-tagged KAT5, the expression of apoptosis-related proteins (cytochrome C, caspase 3, PARP, Bcl-2, Bcl-w) was confirmed by western blotting with β-actin as a loading control. (C) Schematic diagram of the molecular mechanism of the KAT5-induced apoptosis pathway in LNCaP prostate adenocarcinoma cells. KAT5 expression increases cytochrome C release and the activation of caspase 3 and cleavage poly-ADP-ribose polymerase (PARP), leading to apoptosis.

Discussion {#S004}
==========

The lysine acetyltransferase KAT5 is a member of a large superfamily of epigenetic regulatory proteins that play a number of important cellular roles and are emerging as candidate targets for cancer therapy (Farria et al. [@CIT0004]). Therefore, we examined the function of KAT5 in prostate cancer cells. Ectopic KAT5 expression enhanced the expression of proapoptotic proteins including Bax, cleaved caspase-3, cytosolic cytochrome c, and PARP, thus increasing the early and late apoptotic populations of prostate cancer cells ([Figure 3](#F0003){ref-type="fig"}). Our results clearly demonstrated that endogenous KAT5 levels are reduced in aggressive prostate cancer tissue (Human Protein Atlas data and Oncomine database; [Figure 1](#F0001){ref-type="fig"}).

Although KAT5 overexpression in LNCaP cells reduced cellular proliferation and colony formation, KAT5 did not slow the cell cycle ([Figure 2](#F0002){ref-type="fig"}). Under genotoxic stress conditions, KAT5 can regulate the cell cycle at the intra-S-phase checkpoint alongside ATM kinase (Ortega-Atienza et al. [@CIT0015]); however, ectopic KAT5 expression did not affect cell cycle regulation in prostate cancer cells. Instead, KAT5 expression significantly increased Bax, cleaved caspase-3, cleaved PARP, and cytosolic cytochrome C levels via an intrinsic apoptosis pathway ([Figure 3](#F0003){ref-type="fig"}(C)). In particular, KAT5 plays a crucial role in p53-dependent apoptosis by specifically acetylating lysine 120 (K120) of the p53 DNA-binding domain; however, p53 regulates both cell-cycle arrest and apoptosis depending on the cellular context (Tang et al. [@CIT0017]). The corresponding acetylation-defective tumor mutant (K120R) abrogates p53-mediated apoptosis, but not growth arrest in cancer cells (Tang et al. [@CIT0017]), suggesting that KAT5 induces the death of prostate cancer cells via the p53-mediated intrinsic apoptosis pathway. Since p53 levels were not evaluated in this study, future investigations should elucidate whether p53 is involved in KAT5-induced prostate cancer cell death.

Histone deacetylases (HDACs), such as HDAC1, 2, 3 and 4, are highly expressed in prostate cancer tissues and their functions are over-activated. In patients with prostate cancer, high HDAC expression and hyperactivation were correlated with poor prognosis. HDAC overexpression results in accelerated proliferation, delayed differentiation, and aggressive phenotype in prostate cancer cells (Halkidou et al. [@CIT0008]; Weichert et al. [@CIT0019]). Consequently, HDAC function has been considered a potential therapeutic target for prostate cancer treatment. Clinical studies with HDAC inhibitors have shown significantly decreased levels of prostate-specific antigens (PSAs) in some patients (Munster et al. [@CIT0014]).

Here, we found that KAT5 proteins were barely detectable in the prostate cancer cell line and prostate cancer tissues, similar to the pattern observed in a breast cancer cohort study (McGuire et al. [@CIT0013]). In contrast, KAT5 is significantly overexpressed in malignant pleural mesothelioma (MPM) (Cregan et al. [@CIT0002]). Although, much remains to be elucidated regarding the molecular mechanisms of KAT5 in prostate cancer initiation and progression, the correlation of low KAT5 expression with a higher chance of tumor aggressiveness suggest that KAT5 is an attractive biomarker of prostate cancer. Thus, our results may provide a useful drug target for the treatment of patients with prostate cancer.
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